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Synthesis of single-walled carbon nanotube±Co±MgO composite powders and extraction of the nanotubes E. Flahaut ±CH 4 atmosphere. The oxide matrix and part of the Co catalyst are dissolved by acid treatment without damage to the nanotubes. More than 80% of the carbon nanotubes have either one or two walls. The diameters of the nanotubes are in the range 0.5±5 nm. The utilized method may be a real improvement in the low-cost, large-scale synthesis of single-and double-walled carbon nanotubes.
Catalytic methods may be ef®cient for the low-cost, large-scale production of carbon nanotubes. In previous work, the present laboratory 1±3 has reported the synthesis of composite powders containing well dispersed carbon nanotubes by selective reduction in H 2 ±CH 4 of oxide solid solutions between a nonreducible oxide such as Al 2 O 3 or MgAl 2 O 4 and one or more transition metal oxide(s). The reduction produces very small transition metal (Fe, Co, Ni and their alloys) nanoparticles at a temperature of usually w800 ³C. The decomposition of CH 4 over the freshly formed nanoparticles prevents their further growth which results in a very high proportion of single-walled carbon nanotubes (SWNTs) and small multiwalled carbon nanotubes (MWNTs) compared to other forms of carbon. High resolution electron microscopy (HREM) observations indicate that the active catalyst particles for the formation of carbon nanotubes are below 6 nm in diameter. 3 Dense ceramic±matrix composites containing carbon nanotubes have been prepared from such powders. 4 Other researchers 5±8 have prepared SWNTs by catalytic decomposition of carbon monoxide or hydrocarbons on metal nanoparticles supported on Al 2 O 3 or SiO 2 . Cassell et al. 7 notably reported that their best results were obtained by using a new Al 2 O 3 ±SiO 2 hybrid material. However, in these materials, 1±3,5±8 the carbon nanotubes are obtained as a mixture with the metal oxide catalyst, which may be detrimental to future applications. In contrast, Cheng et al. 9 prepared ropes of SWNT bundles by decomposition of ferrocene±thiophene±benzene±hydrogen mixtures but they report the presence of impurities such as carbon nanoparticles, catalyst particles and carbon blacks on the surfaces of or among the bundles, thus requiring some puri®cation. In this communication, we report the synthesis of a carbon nanotube± Co±MgO powder by a solid solution method and the extraction of the carbon nanotubes by a mild acid treatment that does not damage them.
A Mg 0.9 Co 0.1 O solid solution was prepared by combustion synthesis 10 of a stoichiometric mixture of the metal nitrates and urea. The total combustion process is complete in v5 min and one combustion batch yields ca. 6 g of oxide powder. 1.5 g of this powder was placed in a furnace under a¯owing H 2 ±CH 4 mixture (18 mol% CH 4 , 250 sccm) and was heated at 1000 ³C. After reaching this temperature, the powder was cooled in H 2 ; heating and cooling rates were 5 ³C min 21 . The so-obtained carbon nanotube±Co±MgO composite powder was studied using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The carbon content was determined by¯ash combustion. The powder was submitted to treatment in HCl aqueous solution (36%, room temperature) in order to extract the carbon nanotubes by dissolution of MgO and part of the Co. The resulting product was washed with deionised water and air dried overnight at room temperature. It was studied by XRD, transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG). The carbon content was determined by¯ash combustion.
The carbon content in the composite powder was found to be 6.0 wt%. Analysis of the XRD pattern revealed the presence of e-Co in addition to the MgO matrix. Peaks corresponding to carbonaceous material were not detected. SEM observations ( Fig. 1 ) revealed that the metal oxide grains, ca. 300 nm in size, are uniformly entrapped in a web-like network of very long (tens or even hundreds of micrometers),¯exible ®laments showing extensive branching. Most ®laments are v20 nm in diameter. TEM studies of similar materials 1±3 have revealed that such ®laments are bundles of carbon nanotubes.
The composite powder was submitted to treatment with HCl solution which led to a blue colour indicating the formation of a cobalt complex after dissolution of some cobalt particles. The XRD pattern of the obtained solid showed the peaks of e-Co and a peak corresponding to the (002) re¯ection that could correspond to both graphite and carbon nanotubes. MgO peaks were not detected, showing that the matrix was totally dissolved. The remaining cobalt corresponds to particles that were not dissolved owing to the presence of surrounding graphene layers, as shown by HREM observations. The carbon content in this product was found to be 64.4 wt% (i.e. 90 atom%). TGA in¯owing air showed that the weight gains corresponding to the oxidation of Co to Co 3 O 4 (DTG peaks at 210 and w245 ³C) and the weight loss corresponding to the oxidation of carbon (DTG peak at 310 ³C) partly overlap, 
specimen and so the carbon content can be deduced. The value thus obtained (64.5 wt%) is in line with that obtained by¯ash combustion. Work on the extraction and puri®cation of the carbon nanotubes is in progress and will be reported elsewhere.
TEM observations reveal that the extracted product consists of a mixture of carbon nanotubes and catalyst particles. Carbon is essentially found as nanotubes, either isolated or gathered in bundles and as graphene sheets surrounding the catalyst particles. The observed nanotubes were found to be undamaged by the mild acid treatment. HREM observations were carried out on isolated carbon nanotubes and typical images are presented in Fig. 2 . The extensive merging of carbon nanotubes into bundles is illustrated in Fig. 2(a) . The diameter of the bundles shown in Fig. 2(b) are 8.2 and 6.5 nm (the left part of the image shows the grid). Although SWNTs with a diameter as small as 0.8 nm have been observed, most have a larger diameter, as do those observed in Fig. 2 (c) (2.4 and 2.6 nm) and Fig. 2(d) (3.2 nm) . The latter SWNT has a closed hemispheric tip with no catalyst particle at the tip. However, in some cases a catalyst particle was found attached to the tube end. These features are characteristics of`base-growth' and tip-growth' mechanisms, respectively 11±13 and thus they both could be operative under the present experimental conditions, assuming no modi®cation of the sample during preparation for TEM examination. Other researchers using the catalytic method have reported either`base-growth' 6, 7 or`tip-growth' 5 mechanisms. Some MWNTs with a small number of walls ( Fig. 2(e) , two walls and Fig. 2(f) , three walls) were also observed. Fig. 2(g) shows one of the largest observed MWNT, with an internal diameter of ca. 8.3 nm. There are seven walls on one side of the tube [upper side in Fig. 2(g) ] but only six walls on the other side. In addition, amorphous carbon is present on the tube surface. Since amorphous carbon deposits are scarcely observed in the present materials, it is inferred that this is a consequence of degradation of the nanotube under the electron beam. It is also noteworthy that pyrolytic thickening of the nanotubes did not occur under the present experimental conditions. Fig. 2(h) shows a bundle of ®ve nanotubes arranged in a triangular packing. The nanotubes are SWNTs or DWNTs and their average diameter is 3 nm.
The number of walls as well as the inner and outer diameters of 80 isolated nanotubes were measured from HREM images similar to those shown in Fig. 2 . More than 80% of the nanotubes have only one or two walls, about half of these being SWNTs [ Fig. 3(a) ]. This proportion is lower than that reported by Hafner et al. 6 for nanotubes prepared by passing C 2 H 4 over supported Fe/Mo particles at 700 ³C (70%), but higher than that obtained at 850 ³C (30%). Cassell et al. 7 reported that the proportion of DWNTs is negligible in their specimens. Most internal and external diameters are in the range 0.5±5 nm [ Fig. 3(b) ], which is a much larger distribution than those reported for nanotubes prepared by arc-discharge, 14±16 laservaporization, 17, 18 and hydrocarbon±ferrocene decomposition. 9 However, the distribution is in good agreement with other results obtained by the catalysis method. 5±8 More than 90% of the present carbon nanotubes have a diameter of v3 nm, which is in excellent agreement with the theoretical and experimental results reported by Hafner et al. 6 However, SWNTs with diameters w3 nm are observed, which suggests that catalytic particles slightly w3 nm can also be active, as opposed to becoming onionated. 6 Large diameter nanotubes could be interesting for applications such as hydrogen absorption. 19 In contrast to other results, 6 some DWNTs have a lower inner diameter than most SWNTs. This may indicate that at least some tubes are formed by the so-called yarmulke mechanism, 5 a characteristic of which is that the outer wall is formed ®rst.
Chen et al. 20 have prepared MWNTs from CH 4 decomposition and CO disproportionation on a Ni±MgO powder derived from the H 2 reduction of a Mg 0.6 Ni 0.4 O solid solution. The quantity of starting material is very small (12 mg cf. 6 g in the present work). The obtained MWNTs are 15±20 nm in diameter, in sharp contrast with the present results. This arises owing to important experimental differences, besides the use of cobalt instead of nickel: ®rst we use a much lower amount of transition metal (x~0.1 cf. 0.4), second the present reduction is performed in H 2 ±CH 4 with no prior treatment in H 2 , thus preventing a premature growth of the catalyst particles.
These results con®rm that only metal particles smaller than ca. 6 nm catalyse the formation of carbon nanotubes and underline the requirement that the catalyst is in the form of such nanoparticles at a temperature, usually above 600 ³C, used in the catalysis methods. The reduction of oxide solid solutions allows the production of metal particles at a high enough temperature for the hydrocarbon gas to interact with them so as to form the nanotubes prior to any signi®cant particle growth. In contrast, materials derived from the impregnation of a substrate by a transition metal salt usually consist of large carbon ®bres, some of which are hollow, only a small proportion of which are true carbon nanotubes (see Rodriguez 21 for a review). This can be overcome only by using a refractory metal such as Mo 5 and Fe/Mo 6,7 or a small metal catalyst loading. 8 In conclusion, we have demonstrated the ability to prepare carbon nanotube±Co±MgO composite powders by reducing a Mg 0.9 Co 0.1 O solid solution in H 2 ±CH 4 atmosphere. The nanotubes are well dispersed owing to their formation in situ. It has also been shown that the oxide matrix and part of the Co catalyst can be dissolved by a mild acid treatment that does not damage the nanotubes which was not possible when using oxide matrices such as Al 2 O 3 and MgAl 2 O 4 .
1±3 This represents a strong advantage for the possibilities offered by the`solid-solution' method. More than 80% of the carbon nanotubes have either one or two walls with diameters in the range 0.5±5 nm. The proposed method could be a real improvement in the low-cost, large-scale synthesis of singleand double-walled carbon nanotubes.
